Available online 9 February 2018 Thyroid hormone (TH) is essential for normal brain development and may also promote recovery and neuronal regeneration after brain injury. TH acts predominantly through the nuclear receptors, TH receptor alpha (THRA) and beta (THRB). Additional factors that impact TH action in the brain include metabolism, activation of thyroxine (T4) to triiodothyronine (T3) by the enzyme 5′-deiodinase Type 2 (Dio2), inactivation by the enzyme 5-deiodinase Type 3 (Dio3) to reverse T3 (rT3), which occurs in glial cells, and uptake by the Mct8 transporter in neurons. Traumatic brain injury (TBI) is associated with inflammation, metabolic alterations and neural death. In clinical studies, central hypothyroidism, due to hypothalamic and pituitary dysfunction, has been found in some individuals after brain injury. TH has been shown, in animal models, to be protective for the damage incurred from brain injury and may have a role to limit injury and promote recovery. Although clinical trials have not yet been reported, findings from in vitro and in vivo models inform potential treatment strategies utilizing TH for protection and promotion of recovery after brain injury.
Introduction
Thyroid hormone (TH) is essential for normal brain development. Thyroxine (T4) must be converted to the active form, triiodothyronine (T3), to activate the nuclear TH receptors, THRA and THRB. TH action in the brain requires activation of T4 to T3 in glial cells, which express 5′-deiodinase Type 2 (Dio2), as well as the action of specific TH transporters. Brain injury is associated with reduced activation of T3 from T4 and increased degradation by 5-deiodinase Type 3 (Dio3), which inactivates T3 by conversion to reverse T3 (rT3). The pathogenesis of brain injury includes inflammation, altered metabolism, and neuronal death. TH has been shown, in cellular and animal models, to be protective after brain injury, limiting injury and promoting neuronal regeneration. TH analogs, some of which enter neurons independent of TH transporters, may differentially promote recovery. Thyronamines, TH-related compounds, have potent effects on the brain and have been shown to promote recovery after stroke, in part by inducing hypothermia.
Thyroid hormone action on neural development and regeneration

Thyroid hormone action
TH is essential for normal development, growth, neural differentiation, and metabolic regulation (Bernal, 2007; Brent, 2012; Cheng, Leonard, & Davis, 2010; . TH regulation of gene expression is influenced by; local ligand availability (Gereben, Zeold, Dentice, Salvatore, & Bianco, 2008) , TH transport into the cytoplasm , the relative expression and distribution of the TH receptor alpha (THRA) and thyroid hormone receptor beta (THRB) isoforms, the expression of nuclear receptor corepressors and coactivators, and the sequence and location of the DNA thyroid hormone response elements (TRE) (Cheng et al., 2010) . T3 acts predominantly at the nucleus, binding to a nuclear receptor and then influencing gene expression . Distinct roles for THRA and THRB have been demonstrated by, animal models with selective mutations and gene inactivation, selective agonists, and clinical findings in patients with THRA and THRB gene mutations (Brent, 2012) . THRA and THRB are differentially expressed developmentally and in adult tissues. THR interacts with specific DNA sequences, TREs, that positively or negatively regulate gene expression (Cheng et al., 2010) . Unliganded THRA and THRB bind to the TRE and reduce expression from positively regulated genes (Cheng et al., 2010) . A large family of receptor co-factors has been identified that interact with TR and modify gene expression, co-activators that increase and co-repressors that reduce expression (Hsia, Goodson, Zou, Privalsky, & Chen, 2010) .
Nongenomic actions of thyroid hormone in the brain
Nongenomic actions of T3 have been identified in the brain (Davis, Goglia, & Leonard, 2016) . The primary nongenomic pathway stimulated by T3 is the PI3Kinase/Akt (Protein kinase B) pathway (Flamant, Gauthier, & Richard, 2017) . Although some truncated thyroid receptor proteins have been identified that mediate these actions, such as p30, the majority of nongenomic T3 actions are thought to utilize full length THR. Truncated forms of THRA have been reported in the brain that mediate nongenomic actions, such as regulation of actin (Davis et al., 2016) . A recent study of a combined THRA and THRB gene knockout in cultured cortical neurons, however, showed no T3 responsiveness, as measured by alterations of gene expression (Alvarez-Mora et al., 2015) .
Thyroid hormone metabolism in the brain
Activation of T3 from the prohormone T4, at the tissue level, is recognized as an important mechanism of regulation of TH action (Brent, 2012; Gereben, Zavacki, 2008; Gereben, Zeold, et al., 2008) (Fig. 1) . The deiodinase enzymes have variable developmental and tissuespecific expression (Gereben, Zavacki, et al., 2008) . Rodents derive circulating T3 primarily from the Type 1 5′-deiodinase (Dio1), but humans rely on conversion of T4 to T3, by Dio2, as the primary source of circulating T3 (Gereben, Zavacki, et al., 2008) . Dio3 inactivates T4 by conversion to rT3, which has no known physiological actions. Knockout of the Dio3 gene in mice is associated with profound deficits of neural and sensory development, as well as impaired TH regulation and maturation of the thyroid-pituitary axis (Hernandez et al., 2007) . More recently, Dio3 has been shown to play a role in TH action in the hypothalamus, influencing circadian rhythms and the leptin-melanocortin system (Wu, Martinez, St Germain, & Hernandez, 2017) . The regulation of the deiodinase enzymes is complex with both transcriptional and posttranscriptional mechanisms (Gereben, Zavacki, et al., 2008) . T3 directly upregulates Dio1 (Gereben, Zavacki, et al., 2008) , and Dio3 (BarcaMayo et al., 2011) transcription. Dio 3 transcription is regulated by THRA. Dio2 is downregulated when T4 is increased and upregulated when T4 levels are low, by a ubiquitination/deubiquitination system (Gereben, Zavacki, et al., 2008) . Although Dio2 activity is regulated predominantly at the post-transcriptional level, T3 downregulates Dio2 mRNA expression (Kim, Harney, & Larsen, 1998) .
Thyroid hormone metabolism in neural development
Expression of Dio2 is essential for normal brain development and function (Gereben, Zavacki, et al., 2008) . Dio3 also has an essential action in brain and sensory development, protecting brain areas from premature exposure to T3 (Ng et al., 2009 ). This protective role of Dio3 has Fig. 1 . Model of neurons and glial cells with pathways of thyroid hormone metabolism and uptake Thyroid hormone action in the brain requires activation of thyroxine (T4) to the active triiodothyronine (T3), by the 5′-deiodinase 2 (Dio2), contained in glial cells. T3 uptake into neurons is mediated by specific transporters, Mct8 and Oatp1c1, present in both humans and mice, but humans appear most dependent on Mct8.
been demonstrated in the cortex, cerebellum, and in sensory development (Hernandez, Morte, Belinchon, Ceballos, & Bernal, 2012; Peeters et al., 2013) . Sonic hedgehog (Shh) promotes cell proliferation during neural development. Shh directly upregulates Dio3 expression and downregulates Dio2, by increasing Dio2 ubiquitination (Gereben, Zavacki, et al., 2008) . Shh is upregulated by T3 in the embryonic and adult brain (Desouza et al., 2011) .
Thyroid hormone transport
TH is hydrophobic and was long thought to enter the cytoplasm by passive diffusion. TH transporters, such as the monocarboxylate family of organic ion transporters (MCT) and organic ion transporters, were first identified based on measurable in vitro activity . The identification of Mct8 as an essential TH transporter (Fig. 1) , however, was based on the association of Mct8 mutations with a severe form of X-linked mental retardation, Allan-HerndonDudley Syndrome (AHDS) (Friesema et al., 2004) . Affected individuals have abnormal thyroid function studies, reduced serum T4, elevated serum T3, as well as severe spasticity, profound mental retardation, and hypermetabolism. It has been recognized that Mct8 is expressed in the thyroid and important for secretion of thyroxine, leading to the reduced serum T4 concentration in individuals with an Mct8 gene mutation (Di Cosmo et al., 2010) .
Thyroid hormone transporters in neural development
TH transporters in the developing brain are expressed in specific temporal and spatial patterns (Sharlin, Visser, & Forrest, 2011; Visser et al., 2011) . Individuals with an Mct8 mutation have myelination delays, thought to be due to impaired TH action on oligodendrocytes (Bernal, 2011) . Mct8 is expressed in the hypothalamus, a major site of integration of TH signaling and metabolic pathways (Alkemade et al., 2011) . Studies in a zebra fish model show that inactivation of Mct8 was associated with significant defects in brain and spinal cord development (Vatine et al., 2013) . Exogenous T3 has reduced action on the fetal rat brain, due to the requirement for local production of T3 from T4 by the action of Dio2 (Grijota-Martinez, Diez, Morreale de Escobar, (Fig. 1) . The human brain is dependent on a functional Mct8 transporter for normal function and development, but in the mouse, Mct8 and Oatp1c1, both contribute to TH action in the brain. Neurologic deficit is only seen in the mouse when both transporters are inactivated (Mayerl et al., 2014) . A recent study utilized induced pleuripotent stem cells from AHDS patients, associated with Mct8 deficiency, compared to normal stem cells (Vatine et al., 2017) . Neurons derived from AHDS patient stem cells had a normal thyroid hormone response. Utilizing a model of the Blood Brain Barrier (BBB) from derived stem cells (Canfield et al., 2017) , a BBB derived with stem cells from AHDS patients did not transport TH normally (Vatine et al., 2017) . These findings suggest that reduced TH transport by the BBB may be a significant contributor to the abnormal neurologic phenotype in AHDS.
Thyroid hormone receptor isoforms and neural development
Models of TR isoform-selective inactivation have demonstrated specific roles for TR isoforms in brain and sensory development (Nunez, Celi, Ng, & Forrest, 2008) . THRB isoforms are required for the development of the inner ear and the cone photoreceptors in the retina (Jones, Ng, Liu, & Forrest, 2007) . THRA agonists have selective action in amphibian brain development, indicating that THRA mediates neuronal proliferation (Denver, Hu, Scanlan, & Furlow, 2009 ). However, a study of THRA-selective agonist treatment did not shown specificity of gene activation in the developing rat brain (Grijota-Martinez, Samarut, Scanlan, . THRA is required for oligodendrocyte differentiation in the cerebellum (Picou, Fauquier, Chatonnet, & Flamant, 2012) .
Integration of thyroid hormone pathways in neural development
THRA is expressed early in neurological development in Xenopus and mammalian models (Wang, Matsuda, & Shi, 2008) . TH interfaces with other signaling pathways in its regulation of neural development ( Table 1) . The Sox2 transcription factor plays an important role in promoting neural progenitor growth, and when it is inhibited, neural differentiation occurs (Qu & Shi, 2009 ). TH and THRA promote the differentiation of neural stem cells to neuroblasts by repressing Sox2 (Lopez-Juarez et al., 2012) . The orphan nuclear receptor, Chicken Ovalbumin Upstream Transcription Factor 1 (COUP-TF1), is expressed before the developing brain is sensitive to TH (Oppenheimer & Schwartz, 1997) . A number of TH gene targets have been identified with overlapping TR and COUP-TF1 response elements (Anderson et al., 1998; . The expression of COUP-TF1 blocks TH receptor from binding the TRE and correlates with developmental periods when it is important to blunt T3-stimulation. Calcium calmodulin-dependent Kinase IV (CamKIV), is a major TH target in the developing brain, contains a TRE and COUP-TF1 binding site Morte et al., 2010) . T3 stimulates CamKIV expression in primary cultured fetal cortical neurons, which promotes the maturation and proliferation of GABAergic interneurons from their precursor cells (Manzano, Cuadrado, Morte, & Bernal, 2007) . In a model of pyramidal cell differentiation from embryonic stem cells, COUP-TF1 expression was shown to modify the timing and magnitude of T3-responsive gene expression, as well as neural differentiation (Teng et al., 2017) .
Retinoic acid (RA) is an early morphogen in brain development and is linked to TH transport. Utilizing a neuronal cell model, it was shown that RA stimulates Mct8 mRNA expression and confers functional TH transport (Kogai et al., 2010) . TH, acting through THRA regulates adult hippocampal neurogenesis, important in learning, memory, and mood (Desouza et al., 2005; Kapoor et al., 2010) . The developmental importance of THR isoforms is coupled with requirement for specific transporter expression, such as Mct8 expression in the mouse cochlea (Sharlin et al., 2011) , as well as a requirement for Dio2 and Dio3 expression to provide an appropriate level of T3 in a specific developmental sequence (Heuer, 2011) . THRA protein is expressed in embryonic post-mitotic neurons and in most adult neurons in the mouse brain, indicating that TH has a role in the adult brain .
Alteration of thyroid hormones in traumatic brain injury (TBI)
Acute changes in thyroid function tests
Reduced serum levels of T4 and T3, with a normal reference range thyrotropin (TSH), is seen in a range of severe illnesses and injuries, and is referred to as Nonthyroidal Illness (NTI) (Farwell, 2013) . Thyroid function test abnormalities in NTI are not the result of primary thyroid disease, and normalizes weeks to months in patients that recover from their underlying illness (Farwell, 2013) . The alterations in thyroid function tests in traumatic brain injury (TBI) were initially reported in a series of 66 patients with severe TBI (Woolf, Lee, Hamill, & McDonald, 1988) . A reduced serum T4 and T3 were reported, which correlated with the severity of injury, as reflected in the Glasgow Coma Score (GCS) and with sympathetic nervous system activation. Serum TSH and reverse T3 levels were not altered as a result of TBI in this study. Those patients who died after TBI had the lowest serum T4 and T3 concentration, as has been shown in similar studies of patients with severe illnesses (Farwell, 2013) . A prospective study of TH levels in patients with TBI showed reduced TH levels, including serum T3 and T4, and no change in serum TSH (Malekpour, Mehrafshan, Saki, Malekmohammadi, & Saki, 2012) . Patients with lower serum T4 and T3 concentrations had worse GCS measures and increased mortality.
Although a prospective thyroxine treatment trial has not been reported in acute TBI patients, routine treatment in other critically ill patients has not been associated with an improved outcome (Brent & Hershman, 1986) . Most agree that patients with NTI do not benefit from routine treatment with levothyroxine (Farwell, 2013) . A subset of patients with NTI, however, such as those with heart failure, cardiac surgery, and organ donors, may have some benefit from levothyroxine treatment.
Central hypothyroidism
In addition to thyroid changes associated with illness, present in most patients with severe TBI, a subset of patients may additionally have residual central hypothyroidism due to hypopituitarism or hypothalamic damage (Kokshoorn et al., 2010 ) (Beck-Peccoz, Rodari, Giavoli, & Lania, 2017 Herrmann et al., 2006) . A recent study, which performed hormonal screening on a group of patients with TBI or subarachnoid hemorrhage, reported that 29% of patients had abnormality of at least one hormone, most commonly low testosterone in men (Kopczak et al., 2014) . Low serum thyroxine, however, was found in 6% of patients. These patients with low serum T4 need thyroxine supplementation, when identified, but may be missed. The usual approach to thyroid function testing relies on only a serum TSH measurement. Serum TSH is usually in the normal reference range, despite a reduced serum T4. Clinicians must be aware of the potential for central hypothyroidism in traumatic brain injury patients, and measure both a serum TSH and T4.
Local production of T3 in the brain
The importance of the role of local TH production in the brain was shown in a clinical study of individuals with a Dio2 polymorphism (Thr92Ala), associated in some studies with impaired T4 to T3 conversion (McAninch et al., 2015) . Subjects with the Dio2 polymorphism had increased brain expression of genes associated with brain abnormalities, including Alzheimer's-associated genes and gene programs associated with apoptosis, inflammation and mitochondrial dysfunction. In the presence of the polymorphism, the Dio2 protein had a longer half-life and was retained in the Golgi. The association of altered thyroid hormone metabolism with the severity of Alzheimer's disease was demonstrated in a recent clinical study. These Alzheimer's patients had reduced Cerebral Spinal Fluid T3 and elevated rT3, consistent with reduced T4 to T3 conversion, and this correlated with disease severity (Accorroni et al., 2017) .
Thyronamines
Thyronamines (3-T1AM, T0AM) are endogenous compounds thought to be derived from levothyroxine or may be produced in the thyroid gland and then secreted into the blood stream (Hoefig, Zucchi, & Kohrle, 2016) . A number of membrane receptors have been identified that mediate the response to thyronamines, including members of the trace amine associated receptor family G protein-coupled receptor (GPCR; now known as trace amine-associated receptor 1 [TAAR1]) and the adrenergic receptor ADRa2a. 3-T1AM has profound metabolic and cardiac effects, producing hypothermia and bradycardia in rodent models. The actions of 3-T1AM to slow metabolism have been used in an animal model of stroke to limit ischemic damage (Doyle et al., 2007) . Similar benefits of administration of 3-T1AM have been shown for protection of ischemic damage to the heart (Frascarelli et al., 2011) .
In studies of severely ill patients, serum levels of 3-T1AM were reduced and correlated with the reduction in serum T3 (Langouche, Lehmphul, Perre, Kohrle, & Van den Berghe, 2016) . The significance of changes in serum thyronamine in the clinical course of NTI patients is not known.
Thyroid hormone and in vitro models of neuronal injury and hypoxia
There are a variety of animal models for TBI (Finnie & Blumbergs, 2002) and head trauma (Cernak, 2005) . In vitro models are limited in providing a direct model of TBI, but can be used to map the pathways important in neuronal injury and the role of TH (Fig. 2) . Differentiation of embryonic stem cells to cortical neurons has been demonstrated to model the influence of TH on gene expression and differentiation, as well as the modulating effect of COUP-TF1 (Teng et al., 2017) .
Empty spiracles homolog 1 (Emx1) and a T box family gene, Tbr1, are regulated by TH and are critical for cortical neuronal differentiation and proliferation (Bishop, Garel, Nakagawa, Rubenstein, & O'Leary, 2003) . Emx1 is homeobox-containing gene, first expressed on embryonic day 9.5 and continues expression into adulthood. Emx2 and Tbr1 are expressed in spatially and temporally overlapping patterns in the developing brain. Emx1 cooperates with Emx2 to regulate differentiation of cortical neurons and directs proper cortical lamination (Bishop et al., 2003) . Emx1 knockout mice display reductions in anxiety-related behaviors (Simeone et al., 1992) . Emx1 and COUP-TF1 are co-expressed in cortical neurons and important for cortical patterning. In COUP-TF1 knockout mice, Emx1 is significantly down regulated. Tbr1 is a transcription factor important for early cortical development that is highly expressed in glutamatergic neocortical neurons. In Tbr1-deficient mice, defects in cortical neuron migration were observed (Dwyer & O'Leary, 2001) . Cortical pyramidal neurons, supplemented with T3, survive significantly longer than in conditions without T3 (Teng et al., 2017) . Emx1 and Tbr1 were significantly stimulated in T3 treated pyramidal neurons compared to control (Teng et al., 2017) .
In neurons, many genes activated by synaptically evoked Ca2+ signals require Ca 2+ -dependent pathways to activate transcription factors for downstream action. CamKIV is sensitive to changes in intracellular Ca 2+ and is regulated by TH. THR binds to a TRE in the CamKIV 5′-flanking region . CamKIV is activated by CamKIV kinase and translocated into the nucleus after phosphorylation. The nuclear form of CamKIV phosphorylates transcription factors including CREB and CBP/p300 (Mellstrom, Savignac, Gomez-Villafuertes, & Naranjo, 2008 (Steenland, Wu, Fukushima, Kida, & Zhuo, 2010) . In the adult brain, T3 is associated with accelerated differentiation of adult hippocampal progenitors (Kapoor, Desouza, Nanavaty, Kernie, & Vaidya, 2012) . TH has a specific role in promoting the differentiation of adult hippocampal progenitors. In a mouse model, TH mediated its neurogenic effects by targeting Type 2b and Type 3 hippocampal progenitors (Kapoor et al., 2012) . This shows that induction of a specific transcription factor by TH contributed to the effects of TH on neural differentiation of adult hippocampal progenitors.
Dio3 is significantly upregulated in a variety of tissue types, including neurons, in response to injury, such as hypoxia (Simonides et al., 2008) . Hypoxia-Inducible Factor (Hif) directly stimulates expression of the Dio3 gene. In a rat model of unilateral brain hypoxia, Dio3 protein was increased in the nucleus, which was seen in pyramidal neurons and the hippocampus (Jo et al., 2012) . Hypoxia is often a feature of injury and illness and upregulation of Dio3 may explain the findings of reduced serum T3 and elevated reverse T3 in TBI.
Thyroid hormone action and in vivo models of neuronal injury
Studies in animal models suggest TH can induce developmental programs of neural proliferation and differentiation, after brain injury, and may improve recovery (Shulga et al., 2009 ). Administration of T3 1 h after injury in a mouse model of TBI significantly improved cognitive and motor recovery, compared to control (Crupi et al., 2013) . TBI is associated with deficits of cortical and hippocampal function, but damage has also been identified in the cerebellum (Cernak, 2005; Finnie & Blumbergs, 2002; Potts, Adwanikar, & Noble-Haeusslein, 2009 ). TH has significant developmental actions in the brain and TH has been associated with recovery after damage due to TBI (Table 2) .
Animal model of TBI: thyroid hormone treatment post-TBI
TBI models are typically described as modeling either diffuse or focal injury. The diffuse injury is a model for brain concussion, and is associated with axonal damage, ischemic injury, brain edema and diffused vascular injury. Focal injury is concentrated in a particular brain area with trauma at a specific site or cessation of blood flow to an area due to a blood clot. There are, however, similarities in the nature of the underlying injury in both categories. Both injuries produce brain edema, disruption of the vascular system, reduced oxygen supply, neural cell death and short-term or long-term deficits in cognition, memory and learning (Blennow et al., 2016; Kurland, Hong, Aarabi, Gerzanich, & Simard, 2012) (Fig. 2) . In animal models, controlled cortical injury (CCI)-induced TBI models a focal injury, although the neuronal damage typically extends outside the focal area of induced injury. TH treatment of TBI induced by CCI has been shown to be beneficial. Here, we focus on TH treatment of CCI-induced TBI.
Thyroid hormone treatment post-TBI reduces brain edema
CCI is widely used to produce acute injury in animal models of TBI. The injury is induced by instrument-guided contusion. The depth of contusion varies, in mild injury 0.2 mm, moderate injury 0.5-1.0 mm, and severe injury 1.2-2.0 mm (Romine, Gao, & Chen, 2014) . The first stage of the injury is the result of the physical impact, which instantly disrupts blood flow resulting in brain hemorrhage, edema and necrosis at the epicenter. Studies from three laboratories have shown that treatment with TH, before or immediately post-TBI, reduces, or in some cases reverses, brain edema. In a study using a CCI-induced TBI rat model, a single dose of T4 (2.5 g/100 g body weight) was administrated to rats (i.p.) 1 h post-TBI. Edema was markedly reduced with T4 treatment, and the brain recovered to normal size 24 h after the injury (Li et al., 2017) . In a CCI-induced TBI mouse model, a single dose of T3 (1.2 μg/100 body weight), one hour post-TBI, reduced brain edema 60% compared to saline treatment (Crupi et al., 2013) . In a stroke model induced by transient or permanent middle cerebral artery occlusion, T3 treatment (one dose, 25 μg/kg body weight), either pre-or post-stroke, showed striking attenuation of brain ischemia and edema. Edema was reduced 55% after pre-stroke TH treatment (30 min), and 63% in postinjury treatment (Sadana et al., 2015) .
The mechanism of TH-mediated reduction in brain edema is not established, although it may be linked to regulation of the aquaporin water channels (Sadana et al., 2015) . In mammals, there are 13 aquaporin proteins. Aquaporin 4(AQP4) is the primary aquaporin expressed in brain and functions as water channel regulator of the osmotic gradient. TH represses aquaporin 4 (Aqp4) mRNA expression and TH treatment was associated with significantly reduced AQP4 protein in an ischemic brain model (Sadana et al., 2015) . The TH treatment reduction in post-TBI edema is likely an important pathway of the beneficial effects, leading to reduced intracranial pressure and reduces damage to nerve function.
T4 stimulates iNos after TBI
In the second stage of response to brain injury, neural cell survival pathways and apoptotic process are both active. Hypoxia, resulting from disruption of blood flow, leads to activation of hypoxia-inducible factors (HIFs). HIF-induced gene transcription is a critical component of cell survival as these HIF-induced transcription factors enhance the expression of the genes necessary for adaptation to conditions of low oxygen tension. These transcription factors include vascular endothelial growth factor A (VEGFA), JunB, c-Jun, MYC interactor 1 (Mxl1) and CREB (Beitner-Johnson & Millhorn, 1998; Culver et al., 2010; Laderoute et al., 2002; Lendahl, Lee, Yang, & Poellinger, 2009; Lonze & Ginty, 2002) . Hypoxia increases the expression of pro-inflammatory factor NF-kB and rapidly releases NF-kB-mediated inducible nitric oxidase synthase (iNOS). iNOS deficient-mice have excessive hypoxiainduced oxidative stress in the post-TBI brain (Bayir et al., 2005) , which support the hypothesis that iNOS has neuroprotective properties in brain injury (Garry, Ezra, Rowland, Westbrook, & Pattinson, 2015) . TH levels are directly associated with nitric oxide (NO) production in rat brain. Excess TH increases, and low TH decreases, NO production (McAllister et al., 2005) . T4 induction of iNOS has also been reported in postnatal cortical neurons (Serfozo et al., 2008) . In rat cortex post-TBI, T4 had no effect on hypoxia-induced Hif1α and NFκB expression, however, it significantly increased iNOS mRNA, 3.4-fold, compared to the TBI/saline treatment group (Li et al., 2017) .
Thyroid hormone-treatment post-TBI improves brain function
In response to hypoxia, neural cells switch from high-energy producing oxidative respiration to low energy producing anaerobic glycolysis. With prolonged hypoxia and low energy supply, neuron activity is reduced, leading to deficits of memory, cognition and learning. Behavioral analysis of animals after TBI shows impairment in locomoter tasks. T3 treatment post-TBI resulted in improvement in latency in locomoter tests and reduced measures of anxiety (Crupi et al., 2013) .
Thyroid hormone post-TBI benefit in neural recovery in mice
Neuronal cell (neurons and neuroglia) death after injury is associated with anoxia and energy depletion. Apoptosis post-TBI involves multiple pathways, such as cell death induced by increasing intracellular calcium and free radicals, and activation of cell cycle-induced cell death (Raghupathi, 2004; Raghupathi et al., 2002; Stoica & Faden, 2010) . Mitochondrial-mediated apoptosis in the peri-lesion area is detectable in the acute post-TBI period. The mitochondrial pro-apoptotic markers (Bax, Apaf1,and caspase-3 and -9) and anti-apoptosis markers (Bcl-2, Bcl-xl and Mcl-1) along with neurogenesis (Sox2, Dcx, Gap43) and neurotrophic (BDNF, NGF, GDNF) factors expressed in the lesion area reflect the recovery potential. TH treatment post-TBI was (2007) ADHD-Allan-Herndon-Dudley Syndrome, CCI-controlled cortical injury, THRA-thyroid hormone receptor alpha, THRB-thyroid hormone receptor beta, MCA-middle cerebral artery, associated with increased Bcl-2 mRNA and reduced Bax expression (Li et al., 2017) . In addition, T4 treatment partially restored the mRNA expression of Sox2, Dcx and Gap43, compared to the control group. These genes in the regions remote to the injury center, such as the hippocampus and cerebellum, were not influenced by TH treatment. Neural cell re oxygenation after blood flow recovery may exacerbate hypoxia/reoxygenation-induced apoptosis via calcium overload, resulting in mitochondrial membrane depolarization and cell death. Apoptosis can be detected days or weeks post-TBI (Raghupathi et al., 2002) . TH treatment induces BCL-2 and neurogenesis-related genes and may promote neuronal injury recovery. In cardiac myocytes, TH influences calcium flux by enhancing calcium pump, sarcoplasmic reticulum (SERCa2) gene expression, and preventing intracellular calcium overload (Dillmann, 2010; Kahaly & Dillmann, 2005) . Controlling calcium overload-induced apoptosis is a relevant target for TH treatment post-TBI. Currently, only a few studies have directly tested TH in animal TBI models (Table 2) . These few studies have demonstrated a beneficial effect of TH treatment post-TBI in reducing brain edema, apoptosis, and oxidative stress via iNOS, and increasing mRNA expression of neurogenesis-related genes.
6. Approaches to thyroid hormone treatment and protection from brain injury TH therapy in acute severe illness and in chronic conditions associated with reduced serum T3, have not been shown to provide benefit (Farwell, 2013; Kaptein, Beale, & Chan, 2009) . Although studies of acutely ill patients have not shown a benefit from T4, there may be subsets of patients that do benefit from treatment. The use of TH therapy in humans after TBI has not been reported, but studies of other brain conditions can provide insights into decisions about TH preparations and the potential impact of therapy (Table 2) .
Thyroid hormone therapy in nontraumatic disorders of the brain
Alzheimer's patients have altered Cerebral Spinal Fluid TH levels, and have an increased incidence of thyroid disease (Accorroni et al., 2017) . TH has been shown to influence APP (beta-amyloid precursor protein) gene expression in the brain and in neuronal culture (Contreras-Jurado & Pascual, 2012; O'Barr et al., 2006) . A reliable marker of axonal injury after TBI is accumulation of amyloid protein (Potts et al., 2009) . Hypothyroidism is associated with increased beta amyloid precursor protein (APP) in the brain and TH downregulates expression (Contreras-Jurado & Pascual, 2012; O'Barr et al., 2006) . TH analogs have been available and used for a variety of applications, especially the treatment of metabolic disorders (Milanesi & Brent, 2017) . TH analogs differ from native TH in tissue distribution, metabolism, as well as selective affinity for the TH receptor isoforms. The selective THRB analog, sobetirome, has been used to treat adrenoleukodystrophy, a condition in which very long chain fatty acids are deposited in the brain and adrenals, due to a mutation in the membrane peroxisome lipid transporter ABCD1. Stimulation of ABCD2, a related transporter, by sobetirome provides an alternate path for the uptake of very long chain fatty acid. In an animal model of adrenoleukodystrophy, chronic sobetirome treatment reversed lipid deposition in the adrenal and brain (Hartley et al., 2017) .
An example of the challenges in treating brain disorders with TH come from experience with AHDS, individuals with mutations of the Mct8 neuronal T3 transporter. The TH metabolite 3,5-diiodothyropropionic acid (DITPA) does not require Mct8 to enter cells and is a potential therapy for AHDS patients (Di Cosmo et al., 2009) . DITPA treatment in humans with Mct8 gene mutations is effective at correcting thyroid function tests and the hypermetabolism, with reduction in serum T3 and weight gain, although does not reverse the neurological deficits (Verge et al., 2012) . A report in animals with
Mct8 gene knockout demonstrated that early treatment with the TH analog Tetrac was able to enter and act in the brain, independent of the Mct8 transporter, although it did not reach the hypothalamus (Horn et al., 2013) . The relative ability of DITPA and Tetrac to reverse the changes associated with Mct8 gene mutations in animal models and in clinical settings remains under investigation.
Factors influencing the selection of thyroid hormone preparation
In animal models of brain development, 80% of T3 in the brain is derived from local conversion of T4, rather than circulating T3. Administration of T4 to the mother in animal models of hypothyroidism normalizes T3 in embryonic tissues, but administration of T3 to the mother does not. Based on these studies, T4 is considered the best substrate for TH action in the brain. The importance of the Mct8 transporter for neurons and the BBB (Vatine et al., 2017) , and evidence that it may be downregulated after injury, raises the possibility of using one of the preparations, DITPA or Tetrac, for better brain penetration. Reduction in brain edema in animal models of TBI has been shown with both T4 and T3. A further consideration in acute injury is the reduction in T4 to T3 conversion and enhanced activity of Dio3 that occurs in hypoxia. In models of critical illness, Dio2 activity in the brain is generally preserved, although this has not been systematically examined in TBI.
Blood Brain Barrier
Administration of systemic TH in the setting of brain injury will need to account for transport across the BBB (Landers & Richard, 2017) . The thyroid transporters Mct8 and Oatp1c1 are expressed in the Blood Brain Barrier and play a significant role in transport (Vatine et al., 2017) . Many of the analogs studied, such as Tetrac and DITPA, have demonstrated brain penetration (Table 2) .
Combination of thyroid hormone with other therapies
There is clear overlap of the actions of antioxidants and TH action. In an in vitro study, the actions of interleukin 6 were shown to block T4 activation to T3 and to promote TH inactivation to rT3 (Wajner, Goemann, Bueno, Larsen, & Maia, 2011) . Treatment of the cells with an antioxidant, N-acetyl-cysteine, restored intracellular glutathione, and prevented the interleukin 6-mediated action on TH metabolism. A recent animal study administering N-acetylcysteine in a model of myocardial infarction, showed that the TH changes seen in NTI were reversed with antioxidant treatment (Lehnen, Santos, Lima, Maia, & Wajner, 2017) . A clinical study had previously shown reversal of thyroid function test changes after myocardial infarction with N-acetylcysteine (Vidart et al., 2014) . This is likely due to enhanced expression of Dio2. It is not known if these actions are relevant for action in the brain. Antioxidant therapy has been shown to be beneficial in reducing damage from TBI and improving recovery (Hall, Vaishnav, & Mustafa, 2010) . The improvement of TBI with antioxidants may be due, in part, to activation of TH.
Timing of administration
TBI is frequently associated with thyroid dysfunction. The in vitro and in vivo models of traumatic brain injury suggest a range of actions of TH in reducing the response to injury, especially reduced edema, as well as stimulation of neural regeneration. The animal models have used TH treatment shortly after, generally 1 h, from the brain injury. This is a protocol that could be translated to clinical practice, administering TH after the injury and still experiences the benefit. Levothyroxine is inexpensive, can be stored for a prolonged period of time under proper conditions, and adverse effects with short term treatment are minimal. Oral levothyroxine could be made available in the field in settings with high risk for traumatic brain injury. For injured individuals not able to take oral medications, parental thyroxine preparations are available, but are significantly more expensive and availability would be more restricted.
Conclusion
In vitro and in vivo models of brain injury show that the associated brain inflammation, altered metabolism and neuronal cell death, may be reduced through TH activated pathways. Limiting brain edema and cell death, and promoting neuronal regeneration, would provide a beneficial effect of TH in both acute and chronic injury. The appropriate TH preparation, dose and timing remains to be established, but benefits of treatment administered 1 h after injury in animal models indicates that administering such treatment, alone, or with other agents such as antioxidants, may be of practical benefit.
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